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and cryo-electron microscopy
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Background: Ribosomes are complex macromolecular machines that perform
the translation of the genetic message. Cryo-electron microscopic (cryo-EM)
maps of the Escherichia coli 70S ribosome are approaching a resolution of
10 Å and X-ray maps of the 30S and 50S subunits are now available at 5 Å.
These maps show a lot of details about the inner architecture of the ribosome
and ribosomal RNA helices are clearly visible. However, in the absence of
further biological information, even at the higher resolution of the X-ray maps
many rRNA helices can be placed only tentatively. Here we show that genetic
tagging in combination with cryo-EM can place and orient double-stranded
RNA helices with high accuracy.
Results: A tRNA sequence inserted into the E. coli 23S ribosomal RNA gene,
at one of the points of sequence expansion in eukaryotic ribosomes, is visible in
the cryo-EM map as a peripheral ‘foot’ structure. By tracing its acceptor-stem
end, the location of helix 63 in domain IV and helix 98 in domain VI of the 50S
subunit could be precisely determined. 
Conclusions: Our study demonstrates for the first time that features of a three-
dimensional cryo-EM map of an asymmetric macromolecular complex can be
interpreted in terms of secondary and primary structure. Using the identified
helices as a starting point, it is possible to model and interpret, in molecular
terms, a larger portion of the ribosome. Our results might be also useful in
interpreting and refining the current X-ray maps.
Introduction
The ribosome, which performs the translation of the
genetic message, is one of the biggest and most complex
macromolecular machines known [1,2]. Even the rela-
tively small bacterial ribosome consists of more than
50 different proteins and three ribosomal RNA (rRNA)
molecules. The fact that rRNA is involved in all func-
tional activities of the ribosome has profound implications
for the understanding of evolution and the origin of life
[3]. Cryo-electron microscopy (cryo-EM) has provided a
wealth of information on the three dimensional (3D)
structure of the ribosome and ribosomal complexes [4]. At
the current resolution of these maps (15 Å and better)
rRNA secondary structure elements show up as continu-
ous strands of density, often helically paired. It is clear
that the cryo-EM maps of the ribosome contain informa-
tion about the 3D folding of the rRNA, but a direct utiliza-
tion of this information for an interpretation in molecular
terms is impossible at this resolution. 
Recently, three X-ray maps have been published. The
50S subunit from Haloarcula marismortui was refined to
5 Å [5], the 30S subunit of Thermus thermophilus to 5.5 Å
[6], and the 70S ribosome of T. thermophilus to 7.8 Å [7].
These maps allowed the placement of several proteins
and two rRNA fragments whose structures in isolation had
been determined previously at atomic resolution. Seg-
ments of double-stranded RNA (dsRNA) are clearly
visible at this resolution but their identity could not be
derived from the maps alone. In several cases, biochemi-
cal information, mainly RNA–protein cross-linking and
footprinting data, was able to assist in placing individual
rRNA helices, but many rRNA helices could be placed
only tentatively.
Here, we have devised a method of genetic tagging that
provides a highly accurate positive identification of rRNA
even within the intermediate-resolution density map
derived by cryo-EM. Our results provide the localization
and orientation of helices 63 and 98 of 23S rRNA and even
allow the sugar-phosphate backbone of helix 63 to be
traced. Thus, genetic tagging in combination with cryo-
EM allows an interpretation of features of the cryo-EM
maps that is well beyond the limit of resolution. Having
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determined the position of helices with high certainty, it
will be possible to model larger parts of rRNA into the
cryo-EM map by following and interpreting strands with
features of dsRNA helices. Therefore our approach makes
it possible to obtain reliable models for the E. coli ribo-
some. This approach might also be of value in interpreting
and refining current X-ray density maps of the T. ther-
mophilus 30S ribosomal subunit [6], the H. marismortui 50S
subunit [5], and the T. thermophilus 70S ribosome [7]. 
Results and discussion
Construction of genetically tagged ribosomes
We have inserted a tRNA sequence at two positions within
the gene of 23S rRNA. One insertion mutation was placed at
hairpin loop 63 in domain IV, and a second at stem-loop 98
in domain VI of 23S rRNA (Figure 1). These positions corre-
spond to the expansion segments 27 and 39 in the eukary-
otic large subunit rRNA, respectively, and were therefore
named INS27 and INS39 [8,9]. Addition of RNA sequences
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Structure
Secondary structure map of the 3′ half of the E. coli 23S rRNA [8]. The area around (a) helix 63 and (c) helix 98 is enlarged and the corresponding
insertions (b) 27 and (d) 39, respectively, of the S. cerevisiae 26S rRNA are shown. Helix numbers are indicated. 
into the conserved core of the rRNA molecules at the posi-
tions of the expansion segments during the course of evolu-
tion implies that these positions are at the surface of the
ribosome. This makes it likely that an insertion mutation in
the E. coli ribosome would be accepted. In each case, the
genetic insertion fused the tRNA at the acceptor stem to the
top of the helix, replacing the 23S rRNA loop and omitting
the single-stranded 3′ end of the tRNA. Thus the 23S rRNA
helix and the tRNA acceptor stem were expected to be
fused into one continuous helical structure.
The tRNA insertions were constructed using a polymerase
chain reaction (PCR) method [10]. Mutated 23S rRNA
genes were expressed from plasmids pKK3535/INS27 and
pKK3535/INS39 and 70S ribosomes were isolated from
XL1-Blue [11]. In comparison with plasmid pKK3535,
incorporation of pKK3535/INS27 slightly increased the
doubling time of the bacteria from 46 minutes to
56 minutes, whereas pKK3535/INS39 had no influence on
the growth. Neither insertion changed the sucrose-gradi-
ent profile of the ribosomal particles significantly (data not
shown). These observations indicate that the assembly of
the 50S subunit, the subunit association, and the function
of the ribosome were not significantly perturbed.
Overall structure of the genetically tagged ribosomes 
Purified 70S ribosomes were applied onto grids and flash-
frozen for cryo-EM. Micrographs were recorded under 
low-dose conditions within a defocus range of between
1.0 µm and 2.0 µm. Three-dimensional maps were calcu-
lated using the SPIDER system [12]. After automated par-
ticle pre-selection and manual verification, 7056 particles
for the INS27 ribosome and 12,840 particles for the INS39
ribosome were chosen. Both data sets were subdivided each
into seven defocus groups and a refined, contrast transfer
function-corrected (CTF-corrected) 3D reconstruction was
calculated for each of the ribosome constructs. The final
resolution was 20 Å for the INS27 ribosome and 17 Å for
the INS39 ribosome, as estimated by the Fourier shell cor-
relation with a cut-off value of 0.5. The resolution of each
map is better than the resolution of previously published
maps of the empty ribosome [13,14]. This improvement is
mainly due to an improved methodology of reconstruction,
using CTF correction and collecting images over a wide
range of defoci [15]. The higher  resolution of the INS39
ribosome is probably a result of an increased number of par-
ticles that were used for the reconstruction. 
Cryo-EM maps for the INS27 and INS39 ribosomes,
obtained at 20 Å and 17 Å resolution, respectively, show
that the insertions have resulted in the addition of periph-
eral, L-shaped ‘foot’ structures (Figure 2). The position
and orientation of the respective foot structure relative to
the ribosome identifies the point of insertion. Accordingly,
helix 63 is located at the base of the 50S subunit, at the
intersubunit side, close to the side of protein L1. Helix 98
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Figure 2
Surface representation of (a,b) the INS27
ribosome and (c,d) the INS39 ribosome. The
maps are shown both from the L1 side (a,c)
and from the L7/L12 side (b,d). The locations
of the 30S and 50S subunits are indicated, as
are some landmarks of the ribosome: CP,
central protuberance; L1, L1 protuberance;
St, L7/L12 stalk of the 50S subunit; h, head
of the 30S subunit. The insertions are
indicated by arrows.
is found at the cytosolic side of the 50S subunit, in the
region below the L7/L12 stalk. A comparison with previ-
ous ribosome maps showed no other significant differ-
ences, directly confirming the biochemical evidence that
neither the INS27 nor the INS39 insertion disrupts the
overall structure of the ribosome. 
Placement of helix 63 of 23S rRNA
A close-up view of the insertion site shows that the INS27
foot structure is fused to a rod-like protrusion present on the
untagged ribosome (Figure 3a). Accordingly, helix 63 spans
the intersubunit side of the 50S subunit and runs parallel to
the base of the subunit from the L1 towards the L7/L12
side. There, close to the end of the strand, is a point where
the 50S subunit interacts with the 30S subunit. Its location
is in good agreement with nucleotides of the neighbouring
helix 62 (Figure 1) being protected by the 30S subunit [16].
The azimuthal orientation of the fusion helix, consisting
of the tRNA acceptor stem and the respective 23S rRNA
helix, around the helical axis is reflected by the position of
the anticodon stem-loop of the tRNA. Thus the L form of
the tRNA as an inserting element has the potential to dis-
tinguish between the 3′ and 5′ strands of the 23S rRNA
helix. To exploit this potential, a model was created where
the acceptor stem of the tRNAPhe crystal structure was
extended by four base pairs. The model was used as a
ruler and was fitted into the INS27 map (Figure 3b). This
number of base pairs was chosen because the secondary
structure of helix 63 contains four base pairs (23S rRNA
nucleotides 1724–1727/1733–1736) before a bulge makes
the structure much more uncertain. On the basis of this fit
a model for helix 63 was placed inside the ribosome. The
model, derived from the nuclear magnetic resonance
(NMR) spectroscopy structure of an 18S rRNA hairpin
loop [17], should mimic the pentaloop closing helix 63 and
the four following base pairs. An additional translation of
only 3 Å (below the pixel size of the INS27 reconstruc-
tion) was required to fit the helix 63 model into an elec-
tron-density map of the wild-type 70S ribosome
(Figure 3c–e). Features of the model that correspond to
major and minor grooves of the double helix as well as the
sugar-phosphate backbone of the two RNA strands, which
can be recognized in the ribosome map, are well aligned.
The agreement between the model and the EM map in
the pentaloop region is excellent. 
Placement of helix 98 of 23S rRNA
Although a comparison between the INS39 ribosome and
the untagged ribosome shows that the insertion has
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Figure 3
Close-up view of the region around the INS27
insertion and fitting a model for helix 63 into a
high-resolution map of the untagged ribosome
(fMet–tRNA•70S complex at 11.5 Å
resolution; I Gabashvili, RK Agrawal, CMTS,
RAG, JF and PP, unpublished results). The
orientation of the ribosome is indicated by an
insert, with the 30S subunit colored yellow,
and the 50S subunit colored blue.
(a) Comparison of the INS27 ribosome (semi-
transparent) and the untagged ribosome
(white). (b) Fitting of a model into the foot
structure of the INS27 ribosome. The tRNA-
derived part is shown in green, and the four
base pairs of helix 63 are in red. (c) The
region around helix 63 in the 11.5 Å resolution
map of the untagged ribosome, and
(d) placement of a model for helix 63 (red) in
this map (semi-transparent). The pentaloop
region and four adjacent base pairs were
taken from an NMR structure [17] and were
low-pass filtered to 8 Å. (e) Same model as in
(d) but with helix 63 in ball-and-stick
representation. (f) Comparison of this region
with the 19 Å map of yeast in bronze (MG
Gomez-Lorenzo, RK Agrawal, RAG, PP,
CMTS, K Chakraburtty, JPG Ballesta,
JL Lavandera, JF Garcia-Bustos and JF,
unpublished results).
resulted in a bending of helix 98, this helix can be
unequivocally identified (Figure 4a). The foot structure
and helix 98 overlap at the base of the helix, but the loop
region of the helix 98 hairpin is folded back towards the
ribosomal surface, where the loop seems to interact with
another ribosomal component. There are two effects that
might be responsible for this local distortion. First, stabi-
lizing contacts of the loop region cannot be formed in the
absence of the loop, and second, the tRNA part would be
in steric hindrance without the bend. Because of the bend
of helix 98, the placement of a model for this helix
obtained by fitting a model of the foot structure
(Figure 4b) is less accurate. After aligning the model for
helix 98 to the fitted ruler, it had to be rotated and shifted
to obtain a more satisfying fit into the map of the
untagged ribosome. The center of gravity of the helix 98
model was thereby moved by 8 Å, still below the nominal
resolution of the EM maps. The density map of the
untagged ribosome shows enough features in this region
to identify the 5′ and 3′ strand of helix 98 (Figure 4c–e). 
In contrast to the helix 63 region, our modeling approach
is not sufficient to obtain a good fit in the loop region of
helix 98. According to the secondary structure predictions
of 23S rRNA, the loop closing helix 98 is a triloop [8]. The
RNA element we have used as a model is a triloop accord-
ing to the secondary structure, but the NMR structure
shows a pentaloop [17]. Also, in another NMR structure of
a nominal triloop the base pair underlying the triloop is
distorted [18] and this structure does not seem to improve
the fit (data not shown). Therefore it is not possible to
predict the conformation of the loop, and the proposed
interactions of the helix 98 loop with other ribosomal com-
ponents might well influence its conformation. 
Position of the expansion segments 27 and 39 in the yeast
80S ribosome
The yeast ribosome carries the insertions 27 and 39 investi-
gated here (Figure 1). For a comparison we superimposed a
recent EM map of the Saccharomyces cerevisiae 80S ribosome
at 19 Å resolution (MG Gomez-Lorenzo, RK Agrawal, RAG,
PP, CMTS, K Chakraburtty, JPG Ballesta, JL Lavandera,
JF Garcia-Bustos and JF, unpublished results) with the
E. coli 70S map [15]. The alignment was performed manu-
ally in such a way that conserved features of the large sub-
units overlapped: the L7/L12 stalk, the intersubunit surface
and the tunnel through the subunit. Figures 3f and 4f show
close-up views of the 80S map around the insertion sites. At
each position additional density is present in the 80S struc-
ture that accordingly contains the corresponding expansion
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Figure 4
Close-up view of the region around the INS39
insertion and fitting a model for helix 98 into a
high-resolution map of the untagged ribosome
(fMet–tRNA•70S complex at 11.5 Å
resolution). The orientation of the ribosome is
indicated by an insert, with the 30S subunit
colored yellow, and the 50S subunit colored
blue. (a) Comparison of the INS39 ribosome
(semi-transparent) and the untagged ribosome
(white). (b) Fitting of a tRNA model into the
foot structure of the INS39 ribosome. The
tRNA-derived part is shown in green, and five
base pairs of helix 98 are in red. (c) The
region around helix 98 and (d) placement of a
model for helix 98 (red) in this map (semi-
transparent). The pentaloop region and five
adjacent base pairs were taken from an NMR
structure [17] and were low-pass filtered to
8 Å. (e) Same model as in (d) but with helix 98
in ball-and-stick representation. (f) Close-up
view of the same region from the 19 Å map of
yeast. The model for helix 98 is shown in red. 
segment of the rRNA. These positions are in general agree-
ment with the grouping of expansion segments by Dube et
al. [19], although our results provide the exact experimental
localization and identification of the individual expansion
segments. Furthermore, the agreement between the loca-
tion of the yeast expansion segments and the genetically
engineered foot structures in E. coli suggests a high conser-
vation of the fold of the conserved core of the rRNA during
evolution. However, the positions of the helices in E. coli
and S. cerevisiae seem to be not completely identical. This is
best seen in the case of insertion 27, as here the yeast 80S
structure is better resolved (Figure 3f). Therefore models
derived from X-ray maps or cryo-EM maps of bacteria or
archebacteria cannot be simply transferred to the eukaryotic
ribosome; a re-evaluation of these models on the basis of
cryo-EM maps of the corresponding eukaryotic ribosome
will be required.
Biological implications
The ultimate goal of ribosomal structural research is an
atomic model. Currently, significant progress is being
made by X-ray crystallography [5–7,20,21]. However, it
is not clear at which resolution the ribosomal structure
can be unequivocally interpreted at the molecular level
without any additional topological information. For the
247-nucleotide Tetrahymena ribozyme a resolution of
5.0 Å was sufficient to assign the sugar-phosphate back-
bone [22]; however, given the size and complexity of the
ribosome an even higher resolution is needed. 
From this work we were able to assign the track of the
sugar-phosphate backbone of two 23S rRNA helices
within a 11.5 Å resolution cryo-EM map (I Gabashvili,
RK Agrawal, CMTS, RAG, JF and PP, unpublished
results) with the help of genetic tagging. In addition to the
localization of helices 63 and 98 and their associated
loops, our results suggest a tertiary interaction of the helix
98 loop with other components of the ribosome. The con-
formation of the loop might be altered by this interaction.
Starting with these helices it is possible to model and inter-
pret, in molecular terms, a larger portion of the ribosome. 
A comparison of the maps of the E. coli 70S ribosome
and the S. cerevisiae 80S ribosome has allowed the iden-
tification of the expansion segments 27 and 39, which are
inserted into the rRNA of eukaryotic ribosomes, within
the S. cerevisiae 80S map. Although the overall struc-
tures of both ribosomes are quite similar, they differ in
details, and a careful remodeling of bacterial or
archebacterial X-ray maps into lower-resolved cryo-EM
maps seems to be required in order to obtain accurate
structural information for the eukaryotic ribosomes.
Furthermore, our technique can be used for other struc-
tures for which no crystals are yet available (e.g. eukary-
otic ribosomes or spliceosomes), and thus will be very
important in enabling interpretation of their cryo-EM
maps as well. 
Materials and methods
Construction of the insertions
The tRNA insertions were created by PCR [10]. In two first-round
PCRs the sequences of nucleotides 1–49 of E. coli tRNAPhe and
nucleotides 27–72 were provided on the corresponding primers. In the
second-round PCR, the first-round PCR products were used as tem-
plate and could align because of the overlapping tRNA sequences. 
For the insertion at hairpin-loop 63 (INS27) the outside primers GGA
GAA GGC TAT GTT GGC CGG and GAC TGG CGT CCA CAC
TTC AAA GCC were used. The mutagenic inside primers had the
sequences GGA CAC GGG GAT TTT CAA TCC CCT GCT CTA
CCG ACT GAG CTA TCC GGG CGG ACC TCA CCT ACA TAT
CAG CGT GCC and GGG GAT TGA AAA TCC CCG TGT CCT
TGG TTC GAT TCC GAG TCC GGG CGG ATG GAG CTG AAA
TCA GTC G. For the insertion at hairpin-loop 98 (INS39) the outside
primers GGT TCT GAA TGG AAG GGC CAT CGC and GCG TTG
TAA GGT TAA GCC TCA CGG were used. The mutagenic inside
primers had the sequences GGA CAC GGG GAT TTT CAA TCC
CCT GCT CTA CCG ACT GAC GTA TCC GGG CAG GGT CAG
GGA GAA CTC ATC TCG GGG C and GGG GAT TGA AAA TCC
CCG TGT CCT TGG TTC GAT TCC GAG TCC GGG CAG GGT
CCT GAA GGA ACG TTG AAG ACG.
The insertion at helix 63 was sub-cloned into ptac-2 [23] using SacII
and BbvCI and from there into pKK3535 [24] using EspI and XbaI to
give plasmid pKK3535/INS27. The helix 98 insertion was first cloned
into ptac-2∆PX (ptac2∆PX was derived from ptac-2 by deleting the
XbaI–PvuII fragment) with Psp5II, from there into ptac-2 using SacII and
BamHI, and finally introduced into pKK3535 using XbaI and EspI to
give plasmid pKK3535/INS39. The PCR-derived constructs were
sequenced. The sequence of the INS27 construct was as expected,
whereas sequencing of the final INS39 construct revealed the deletion
of G2801 located directly at the insertion site. However, as this deletion
was not expected to disturb the ribosome more than the deletion of the
loop and addition of 72 nucleotides, the construct was deemed usable.
Isolation of 70S ribosomes
The ribosomes were prepared essentially as described previously [11].
XL1-blue cells containing pKK3535/INS27 or pKK3535/INS39 were
lysed after the addition of lysozyme by one cycle of freezing and
thawing. Cleared S-30 lysates were separated on a 10–40% (w/v)
sucrose gradient in buffer A (20 mM Hepes-KOH (pH 7.6), 6 mM
MgCl2, 150 mM NH4Cl, 4 mM β-mercaptoethanol, 2 mM spermidine,
0.5 mM spermine). The fractions containing 70S ribosomes were com-
bined, pelleted, and redissolved in buffer A.
Electron microscopy and image reconstruction
70S ribosomes (final concentration 34 nM) were applied to cryo-EM
grids and shock-frozen in liquid ethane [25,26]. Micrographs were
recorded under low-dose conditions at a defocus range of between 1.0
µm and 2.0 µm on a Philips EM420 (FEI/Philips, Eindhoven) at a magnifi-
cation of 52,200 ± 2%, and were scanned on a Highscan drum scanner
(Eurocore/Saint-Denis) with a resolution of 1018 dpi corresponding to a
pixel size of 4.78 Å on the object scale. The data were analyzed using
the SPIDER system [12]. After automated particle pre-selection and
manual verification, 7056 particles for the INS27 ribosome and 12,840
particles for the INS39 ribosome were chosen. Each data set was subdi-
vided into seven defocus groups and a refined, CTF-corrected 3D
reconstruction was calculated for each of the ribosomes as described
previously [15]. Eighty three quasi-evenly spaced projections of the 15 Å
resolution map of the fMet–tRNA•70S complex were hereby used for an
initial classification of the particles. The final resolution was 20 Å for the
INS27 ribosome and 17 Å for the INS39 ribosome, as estimated by the
Fourier shell correlation with a cut-off value of 0.5.
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